Photocatalytic water splitting to produce H 2 and O 2 with semiconductor photocatalysts provides an attractive solution to global energy and environmental problems. The development of photocatalysts with high efficiency, availability, and stability under wide solar spectrum is paramount for the practical application of this technology. Nitrogen doping and preparation of materials with desirable crystal structure and morphology are two important strategies of fine-tuning the properties of semiconductor photocatalysts. In the present work, by synchronizing the two strategies, photocatalysts with typical structures were doped with nitrogen with the aim of realizing efficient water splitting under wide solar spectrum. After nitrogen doping, the absorption of the as-obtained N-doped photocatalysts was extended from the UV to the visible region. The doped photocatalysts exhibited not only increased visible light absorbance but enhanced photocatalytic hydrogen or oxygen production under light irradiation, in comparison to that of undoped parent compound. DFT calculations indicated that the top of the valence band is composed of N2p states mixed with pre-existing O2p states, which moved the valence band maximum (VBM) upwards, as a result, decreasing the band gap of the parent oxide photocatalysts tremendously. The unique structures of the pristine materials were found to facilitate the homogeneous of nitrogen nitrogen in the whole materials by offering excellent pathways for nitrogen doping process. This work highlighted the importance of crystal structures on the doping of nitrogen, paving a new way for developing novel functional photocatalytic materials.
INTRODUCTION
Energy and environmental problems are two severe issues threatening the sustainable development of human society. Photocatalytic splitting of water to produce H 2 and O 2 with semiconductor photocatalysts represents an attractive pathway towards solving these problems. [1] [2] [3] [4] Since the first report of employing TiO 2 electrode for photoelectrochemical water splitting in 1972, 5 great efforts have been devoted to the research on solar energy conversion, especially on the development of novel photocatalysts with high efficiency, stability, and availability for water splitting to produce H 2 as an energy carrier. [6] [7] [8] [9] [10] [11] [12] Up to now, more than 100 photocatalysts including oxides, sulphides, phosphide, (oxy)nitrides, and (oxy)sulfides have been developed. However, the efficiency of all the semiconductors is too low to be applicable in practical applications, and it is highly desirable to develop strategies that could further modify semiconductors towards efficient photocatalysis.
Fine-control of the semiconductor with desirable crystal structure and morphology is an important strategy of modifying the photocatalytic properties of semiconductors. [13] [14] [15] [16] [17] [18] [19] For example, semiconductors with typical layered structure are of interest in the scheme of solar energy utilization because these materials are supposed to provide spatially separated reduction and oxidation reaction sites, thereby achieving efficient separation of photo-generated electron-hole pairs and high photocatalytic efficiency correspondingly. 20 Therefore, it is highly desirable to synthesize semiconductors with typical layered structure for photocatalytic applications. However, in most cases, layered oxide semiconductors with wide band gaps only demonstrate photocatalytic activity under UV irradiation. To be practical for water splitting production, the photo-response of these materials would need to be within the visible light spectrum because visible light accounts for around 43% of the electromagnetic radiation on the planet's surface opposed to around 4% for UV. Therefore, it is desirable to develop strategies that could modify semiconductors towards efficient light absorption. Amongst the strategies under investigation, partial or total nitrogen doping has been demonstrated to be effective through mixing of the dopant states with the upper valence band states of the parent material. [21] [22] [23] It is anticipated that novel functionality could be achieved by synchronize the nitrogen doping strategy and the typical-structured materials,
In the present paper, several oxide semiconductors with novel structures were successfully doped with nitrogen. The as-obtained nitrogen doped photocatalysts exhibited not only increased visible light absorbance but enhanced photocatalytic hydrogen or oxygen production under light irradiation. The unique structures of the materials were found to facilitate the homogeneous doping of nitrogen in the whole material by offering excellent pathways for nitrogen doping process, as a result, tremendously modifying the electronic structures of the parent materials.
EXPERIMENTAL SECTION

Materials synthesis
Parent oxide precursors such as CsTaWO 6 , CsCa 2 Ta 3 O 10 , and Ba 4 Ta 4 O 15 were prepared with solid state reaction method. Nitrogen doping was achieved by annealing these oxide powders in flowing ammonia atmosphere at temperatures from 923 to 1073 K. The flow rate of the NH 3 was maintained at between 50 and 200 mL min -1 . After the nitridation reaction, the as-prepared nitrogen doped materials were allowed to cool down to room temperature in the NH 3 flow.
Characterization
X-ray diffraction patterns of the samples were measured using a Rigaku X-ray diffractometer (Rigaku D/max 2500PC or Miniflex). UV-Vis absorbance spectra for the samples were obtained using a scan UV-Vis spectrometer (Shimadzu UV-2450). The spectra were recorded at room temperature in air within the range of 200-800 nm. TEM micrographs were taken using a transmission electron microscopy (TEM, Philips Tecnai F20). X-Ray Photoelectron Spectroscopy (XPS) was carried out using a Kratos axis ULTRA x-ray photoelectron spectrometer. The binding energies were charge corrected using adventitious carbon as reference. The content of nitrogen dopant was analyzed using a flash elemental analyser (LECO TruSpec CHN analyser). The products of combustion were sent through a packed chromatographic column. The column converted the products into NO 2 . These simple compounds were then measured using a thermal conductivity detector.
Photocatalytic measurements
Photocatalytic hydrogen production was carried out in an air free closed gas circulation system reaction cell made of quartz. The total cylindrical volume of the cell was 150ml. There was an optically polished piece of quartz glass that was fused on the top of the cell to minimize light scattering. Hydrogen evolution was detected online. Argon with a flow rate of 100 mL/min was used as a carrier gas, controlled by Brooks 5850E mass flow controller, and was passed through a quartz glass cell containing aqueous suspensions composed of 100 mg of active photocatalyst and 100 cm 3 of 20% methanol solution (electron donor) in water. The simulated sunlight was irradiated onto the reaction cell for 4.5 hours using a 300 W Xe lamp (Newport, Oriel 91160) sun simulator with integrated AM 1.5 filter, while the cell was cooled using a water bath to room temperature. Long-term stability tests for up to 18 hours were also carried out and used to analyze the average H 2 production rate per hour. The resulting gases were continuously sampled downstream through a 25 μm capillary connected to a Varian leak valve. The leak valve introduced gases in a vacuum chamber attached to SRS RGA300 quadrupole mass spectrometer. Varian MiniTask, with a maximum pumping speed of 40 L/s (for nitrogen) and base pressure of 1.5×10 −7 Torr, was used to evacuate the vacuum chamber. The partial pressures of the gases evolved from the sample were recorded with respect to time every 10 s. Partial pressures for H 2 were then converted to μmol/min using the calibration from a standard gas mixture (0.0994±0.002% hydrogen in argon≈ 53µM/hr of H 2 ) at the same flow rate of 100 mL/min. The whole system, including the photocatalyst was flushed with Ar at 100 ml/min for 1 hour to remove any trace of air( including nitrogen and oxygen) before every photocatalytic reaction was carried out.
Theoretical calculations
The electronic structures are obtained by spin-polarized density functional theory (DFT) calculations using the DMol3 code. 24, 25 The generalized gradient approximation (GGA) with the functional of Perdew-Burke-Ernzerhof functional (PBE) was utilized, 26 together with a double-numeric basis of effective core potentials for the description of core electrons. During our calculations, the convergence criteria for structure optimizations were set to (1) energy tolerance of 1.0×10 -6 Ha per atom, (2) maximum force tolerance of 1.0×10 -3 Ha/Ǻ and (3) maximum displacement tolerance of 1.0×10 -3 Ǻ. The k-space is sampled only by gamma point due to the large size of the supercell. All local density of states (DOS) are expressed by the contribution of one atom for the comparison purpose. Fig.1 Fig.2 shows the X-ray diffraction patterns of CsTaWO 6 , CsCa 2 Ta 3 O 10 , Ba 4 Ta 4 O 15 and the corresponding N-doped materials. It is apparent that nitrogen doping can decrease the crystallinity of the parent oxide. However, the as-obtained nitrogen-doped material preserve the crystal structures of the parent oxide, indicating the less profound effect of nitrogen doping on the crystal structures. Fig. 3 shows the UV-Vis absorption spectra of nitrogen-doped CsTaWO 6 15 were estimated to be 3.8, 3.8, and 4.1 eV, respectively. After doping nitrogen in these oxides, the band gaps of the as-prepared materials were estimated to be 2.4, 2, and 1.8 eV. Therefore the doping of nitrogen can greatly extend the absorption of the parent materials from UV to the visible region without destroying the original crystal structures. Moreover, the absorption edges of the nitrogen-doped materials are quite sharp, in great contrast with those of the commonly observed absorption shoulders. This absorption property should be ascribed to the unique structures of the parent oxides, which leads to substantial band-to-band excitation. 
RESUTLS AND DISCUSSION
Crystal structures
UV-Vis Spectra
XPS Spectra and elemental analysis
The nitrogen doped materials were then investigated with X-ray photoelectron spectroscopy (XPS). Fig. 4 shows the high-resolution XPS spectra of N 1s for the samples. No signal for nitrogen species was observed for all the parent oxide samples. After nitrogen doping reaction, a pick centered at 396 eV was observed. This peak should be attributed to β-N. Similar value has also been reported by Hara et al for tantalum oxynitrides. Therefore, with the present strategy, nitrogen can be successfully doped in the parent oxides. Elemental analysis indicated that the amount of nitrogen dopant in 
Theoretical calculations
To investigate the influence of nitrogen doping on the electronic structures of the nitrogen doped CsTaWO 6 , CsCa 2 Ta 3 O 10 , and Ba 4 Ta 4 O 15 materials, DFT calculations were performed based upon the structural models shown in Fig. 1 . As shown in Fig.5 , the valance bands (VB) of all the parent oxides are dominated by O2p states. After nitrogen doping, the VB was spanned by O 2p and N 2p , which leads to a substantial narrowing of the band gap. The calculated band gaps of CsTaWO 6 and CsCa 2 Ta 3 O 10 were decreased from 3.8 and 2.1 eV to 2.3 and 1.6, eV, respectively. The calculated band gap is slightly lower than the experimentally obtained value. Given that DFT usually underestimates band gaps because of the discontinuity in the exchange-correlation potential, the calculated band gap agrees well with the experimental value obtained from the UV-Vis absorbance spectroscopy. Based upon the DFT calculations, it is evident that the contribution of nitrogen to the top of the VB plays an important role in extending the absorption of the nitrogen doped samples into the visible region.
Photocatalytic activity
Photocatalytic performance of as-prepared nitrogen doped photocatalysts was then investigated under simulated sunlight (AM1.5) and visible light irradiation. The maximum H 2 production rate achieved for the nitrogen doped CsTaWO 6 was 147 µ mol/h compared to 73 µmol/h for CsTaWO 6 under simulated sunlight irradiation. However, undoped CsTaWO 6 showed no H 2 evolution, while nitrogen doped CsTaWO 6 produced H 2 with an evolution rate of 26 µ mol/h under visible light irradiation (> 420 nm). Therefore, the nitrogen doping not only can enhance the photocatalytic performance of CsTaWO 6 in the whole solar spectrum, but also lead to visible-light-induced photocatalytic activity. Similar phenomenon was observed on nitrogen-doped Ba 4 shown very high activity for O 2 evolution under visible light irradiation (> 400 nm).Therefore, through nitrogen doping strategy in these materials with typical structures, different photocatalytic functionality can be achieved under wide solar spectrum. 
CONCULSTIONS
Nitrogen doping was realized in oxide semiconductors with typical structures, which leads to visible light absorbance and simultaneous enhanced photocatalytic hydrogen or oxygen production under light irradiation. The unique structures of the parent materials were found to facilitate the homogeneous doping of nitrogen in the whole material by offering excellent pathways for nitrogen doping process, as a result, tremendously modifying the electronic structures of the parent materials. The present work highlights the importance of synchronizing the anion doping strategy with that of crystal structure control, paving a new way for developing novel functional photocatalytic materials.
